The phase stability of broadband (280 nm bandwidth) terawatt-class parametric amplification was measured, for the first time to our knowledge, with a combination of spatial and spectral interferometry. Measurements at four different wavelengths from 750 to 900 nm were performed in combination with numerical modeling. The phase stability is better than 1/23 rms of an optical cycle for all the measured wavelengths, depending on the phase-matching conditions in the amplifier. © 2007 Optical Society of America OCIS codes: 190.4970, 320.7090, 320.7160, 350.5030. The generation and amplification of phase-controlled few-cycle laser pulses is a necessity for applications such as quantum interference metrology [1], attosecond science [2] , and quantum control of, e.g., molecular dynamics [3] . Intense, phase-stable few-cycle laser pulses have been produced by using Ti:sapphire amplifiers and subsequent spectral broadening in filaments. However, filamentation in gas-filled hollow fibers [4] , or directly in a gas cell [5] , is difficult to scale beyond Ϸ0.2 TW. In parametric amplification phase-stable pulses, albeit at moderate energies of a few hundred microjoules [6] [7] [8] [9] , have also been demonstrated. The generation of multimillijoule-level phase-controlled few-cycle pulses with terawatt (TW) intensity has not been demonstrated to date. In this Letter we report what is, to the best of our knowledge, the first measurement of the phase stability of TW-class ultrafast amplification. The amplifier is based on noncollinear optical parametric chirped pulse amplification (NOPCPA) and was described elsewhere in detail [10] . It consists of a double-pass preamplifier and a single-pass power amplifier using BBO crystals. The seed laser is a home-built 6.2 fs frequency comb oscillator, producing phase-locked 5.5 nJ pulses at a 75 MHz repetition rate. The carrier-envelope phase (CEP) stability of the oscillator is 1 / 46 rms of an optical cycle. The 532 nm pump laser provides 170 mJ pulses with a duration of 60 ps and is synchronized to the oscillator laser. The system operates at a repetition rate of 30 Hz and is capable of generating 7.6 fs pulses at 2 TW (15.5 mJ after compression) when the normal full seed energy of 1 nJ per pulse is available.
The generation and amplification of phase-controlled few-cycle laser pulses is a necessity for applications such as quantum interference metrology [1] , attosecond science [2] , and quantum control of, e.g., molecular dynamics [3] . Intense, phase-stable few-cycle laser pulses have been produced by using Ti:sapphire amplifiers and subsequent spectral broadening in filaments. However, filamentation in gas-filled hollow fibers [4] , or directly in a gas cell [5] , is difficult to scale beyond Ϸ0.2 TW. In parametric amplification phase-stable pulses, albeit at moderate energies of a few hundred microjoules [6] [7] [8] [9] , have also been demonstrated. The generation of multimillijoule-level phase-controlled few-cycle pulses with terawatt (TW) intensity has not been demonstrated to date.
In this Letter we report what is, to the best of our knowledge, the first measurement of the phase stability of TW-class ultrafast amplification. The amplifier is based on noncollinear optical parametric chirped pulse amplification (NOPCPA) and was described elsewhere in detail [10] . It consists of a double-pass preamplifier and a single-pass power amplifier using BBO crystals. The seed laser is a home-built 6.2 fs frequency comb oscillator, producing phase-locked 5.5 nJ pulses at a 75 MHz repetition rate. The carrier-envelope phase (CEP) stability of the oscillator is 1 / 46 rms of an optical cycle. The 532 nm pump laser provides 170 mJ pulses with a duration of 60 ps and is synchronized to the oscillator laser. The system operates at a repetition rate of 30 Hz and is capable of generating 7.6 fs pulses at 2 TW (15.5 mJ after compression) when the normal full seed energy of 1 nJ per pulse is available.
The phase stability of the NOPCPA output is measured with linear interferometry. The advantage of this method over the frequently used f :2f technique [11] is that pulse intensity fluctuations (typically a few percent) do not influence the measurement; also the wavelength dependence can be measured. The system is based on a double interferometer, to be able to correct for optical path fluctuations due to external noise and drift (see Fig. 1 ). The interferometer path length variations, of the order of a wavelength, are too small to influence the CEP. Changes induced by thermal effects due to the 20 mm of optical material in the NOPCPA path are small and are in addition compensated by a similar amount of material in the reference arm. The interferometer compares interference [12] between parametrically amplified and nonamplified frequency comb pulses with a spatial interference pattern generated by a reference He-Ne laser beam traveling the same path as the IR light. About 50% of the IR seed light is split off ͑0.5 nJ͒ behind the stretcher as a phase reference; the He-Ne laser is coupled in both arms via this beam splitter. Several telescopes are used to match the beam parameters for the He-Ne laser and the IR beam at the end of the interferometer. The remaining 0.5 nJ of the IR seed light is amplified in the NOPCPA up to 23 mJ at a 30 Hz repetition rate with a 280 nm wide spectrum. Because of the reduced seeding to the amplifier, this is slightly less than reported before [10] , but still sufficient to generate pulses exceeding 1 TW. The pulses are measured before the compressor to avoid nonlinear effects in the interferometer in order to measure only the influence of parametric amplification. Negligible additional phase noise is expected from the compressor, given its stable construction and small compression ratio of 1:2000 [13] .
Both the IR and He-Ne laser beams are recombined individually with their respective reference beams behind the amplifier. The IR beam is attenuated by using 2% beam splitters and a 10 −5 filter to match the intensity with that of the reference pulses. Also, an interference filter is inserted here (bandwidth 10 nm, with a wavelength centered at either 750, 795, 850, or 900 nm), so that the wavelength dependence can be investigated. A home-built spectrometer is used to measure spectral fringes from the IR pulses on a CCD. The delay between amplified and reference pulses is set such that as many as 10 fringes are visible over the 10 nm bandwidth. A spatial interference pattern is recorded on the same CCD as a length reference by recombining the He-Ne laser beams at a small angle on a 50% beam splitter.
Measurements of the phase are performed by recording every third pulse of the amplifier for several minutes. The phase is extracted from the two interference patterns by using a Fourier method described in [14] , taking the difference in wavelength between the He-Ne and the amplified beam into account. In Fig. 2 the result is shown for a typical measurement at 850 nm. The pump laser intensity stability is 1% in this case, while the amplifier output stability ranges from 6% at 750 nm to 1.3% at 900 nm. The IR and He-Ne phase individually fluctuate because of external influences, but the difference is rather stable. With the NOPCPA switched off, a minimum phase noise detection limit of 0.09 rad (rms) is found at 795 nm. For the measurement of Fig. 2 , correcting for this detection limit, a rms phase noise of 0.27 rad at 750 nm, 0.23 rad at both 795 and 850 nm, and 0.10 rad at 900 nm (1/63 of an optical cycle) results.
Theoretically the phase of the amplified beam is influenced mostly by the parametric process itself and slightly by (cross-)phase modulation due to nonlinear refractive index effects. For the latter, phase fluctuations of the order of 0.01 rad are expected, based on a calculated nonlinear phase shift of 0.36 rad for the amplifier and a pump intensity variation of a few percent. The influence on the phase of the signal beam due to parametric amplification is given by [15] 
Here f =1−I p ͑z͒ / I p ͑0͒ is the fractional pump intensity depletion, and ␥ s 2 = p I s ͑0͒ / s I p ͑0͒. In this expression L is the interaction length, ⌬k is the phase mismatch, I s is the seed intensity, and s and p are the seed and pump frequencies. Equation (1) states that there is a coupling between the pump intensity and the phase of the seed pulse. To estimate the influence of this effect, numerical simulations have been performed for a three-pass NOPCPA system using a split-step Fourier algorithm [16] . In Fig. 3 the results are shown for the calculated phase-matching conditions and shifts, together with the calculated and experimental spectrum for the measurement depicted in Fig. 2 . From Fig. 3 it can be seen that the pumpinduced phase shifts are proportional to −⌬k, as predicted by Eq. (1) .
A direct quantitative comparison with the experiment is hampered by the extreme sensitivity of ⌬k to the angles in the three different amplifier passes. This means that the experimental ⌬k is difficult to determine. It is, however, clear that the calculated phase shifts as a function of pump-power variations are several times lower than the typical values seen in the experiment, especially at 750 nm. We attribute this to a combination of slightly differently aligned passes (leading to larger ⌬k), possible (pump) beam pointing fluctuations, and the influence of pulse-topulse intensity variations on the phase readout.
To detect the correlation between the (pump) intensity and the phase we use Spearman's rank correlation coefficient (RC), as it is particularly suited for noisy datasets [17] . An RC of ͑−͒1 signifies full (anti) correlation, while 0 means no correlation. With sufficient gain the RC should in principle increase for a larger ⌬k, and change sign together with ⌬k. For the spectrum shown in Fig. 3 no significant correlation could be detected between pump intensity and output phase. However, the situation is different when the NOPCPA is less well aligned, leading to a bigger ⌬k and a strongly modulated spectrum. Significant (anti)correlations can then sometimes be observed, such as the case where the phase-pump intensity RC changes sign from +0.4 at 750 nm to −0.3 at 795 nm. In this situation oversaturation (backconversion) was observed at 795 nm. At other wavelengths the RC is normally too small to draw conclusions.
To further study the ⌬k effects at a fixed wavelength of 795 nm, we deliberately induced a strong phase mismatch by rotating the last crystal from Ϸ 23.8°to + 0.06°. The pump intensity was modulated by about 10% to make the measurement more sensitive to correlations. The result is shown in Fig.  4 ; the RC changed sign from +0.4 to −0.2, in qualitative agreement with simulations. A strikingly big phase jump of 1.7 rad is seen that is not present when the NOPCPA system is switched off. Such a big phase shift is theoretically possible if the integral in Eq. (1) would stay large for a big ⌬k. This can be explained by assuming an average pump power of 7 GW/cm 2 (20% higher than initially estimated). In conclusion, we demonstrated phase-stable TWclass parametric amplification for the first time. On average the phase stability is better than 1/25 of an optical cycle across the amplified spectrum for the measured pump laser fluctuations of 1% rms. The measured phase noise is several times larger than numerically simulated, but qualitative agreement is found for the expected ⌬k dependence. The average phase stability of 1/25 of an optical cycle gives an upper bound for the influence on the carrier-envelope phase when the pulses would be fully compressed, demonstrating that TW peak power few-cycle laser pulses can be produced with NOPCPA.
